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We present a novel enhancement to matrix-assisted laser desorption ionization (MALDI)
post-source decay (PSD) analysis whereby fragment ions from multiple precursor ions are
acquired into the same spectrum without employing a timed ion gate to preselect each parent
ion. Fragment ions are matched to their corresponding precursor ions by comparing spectra
acquired at slightly different reflectron electric fields. By measuring the difference in
time-of-flight (TOF) between the two spectra for each fragment, it is possible to calculate the
mass of the fragment ion and its parent. This new “parallel PSD” technique reduces analysis
time and consumes less sample than conventional PSD, which requires an ion gate for serial
preselection of precursor ions. (J Am Soc Mass Spectrom 2006, 17, 60–66) © 2005 American
Society for Mass SpectrometryMALDI-TOF mass spectrometers equippedwith reflectrons are able to analyze fragmentions produced from precursor ions that spon-
taneously decompose in flight. Such ions are generally
referred to as metastable ions, and the process of
decomposition in the field free region between the ion
source and the reflectron is commonly referred to as
post source decay (PSD) [1–3]. The analysis of such PSD
ions is an established technique that is capable of
providing complementary MS/MS information.
Peptide mass fingerprinting (PMF) is a common
approach to the identification of unknown peptides and
proteins [4 –7]. There are, however, some instances
where PMF is unable to identify a particular protein
from a tryptic digestion with confidence. This could be
due to a number of factors, such as too few tryptic
peptides, e.g., from tryptic digestion of low molecular
weight proteins, or because there is a mixture of pro-
teins present, resulting in an overly complex mass
spectrum. In these situations, it is advantageous to be
able to include even short pieces of sequence informa-
tion to provide added specificity in databank searching
[8, 9]. Furthermore, the acquisition of several PSD
spectra matching to sequences in the same protein will
then give a high level of confidence in protein identifi-
cation. There is increasing interest in protein analysis by
MALDI of complex mixtures which require prior sepa-
ration by liquid chromatography, a technique referred
to as LC-MALDI. Analogous to analysis of complex
mixtures by electrospray (ESI), it is difficult to identify
proteins by PMF, and identification requires MS/MS
information [10].
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doi:10.1016/j.jasms.2005.09.006Figure 1 is a schematic of a typical mass spectrometer
which is capable of performing a PSD experiment. To
obtain a precursor ion spectrum, a pulsed ultra violet
(UV) laser is focused onto an analyte/matrix sample.
The resulting ions are accelerated out of the ion source
and into the field free region. From here, ions are
reflected by the reflectron so as to return to the field free
region and then impact upon the detector. In a conven-
tional PSD experiment, however, a timed electrostatic
ion gate located after the ion source and within the field
free region is opened briefly to allow a single precursor
mass and its associated fragments to pass through into
the reflectron and be analyzed. The ion gate thus
ensures that substantially all detected fragment ions are
attributed to the correct precursor.
PSD fragment ions are formed within the field free
region before entering the reflectron. Therefore, they
have approximately the same velocity as their precursor
ion and consequently they have a lower kinetic energy
that is proportional to their mass. Hence, a fragment ion
will penetrate less into the reflectron and will follow a
shorter path. As a consequence, the fragment ion will
arrive at the detector before its precursor ion. Addition-
ally, as they do not penetrate into the reflectron to the
same depth as precursor ions, low mass fragments are
not correctly time focused at the detector. This problem
may be alleviated by successively reducing the reflec-
tron field in steps and acquiring data for each step. The
focused regions of the resultant spectra, or segments,
may then be “stitched” together to form a single com-
plete PSD spectrum [3]. An alternative approach is to
use a reflectron with a nonlinear electric field such as a
quadratic or a harmonic reflectron [11]. These reflec-
trons allow a broad energy range to be focused and,
hence, allows a PSD spectrum to be acquired without
the need to step the reflectron field. Such reflectrons,
however, have the added disadvantage that the electric
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in the radial direction. This leads to increased diver-
gence for off-axis ions, which in turn results in reduced
resolution, mass measurement accuracy, and sensitivity
[12]. A further approach is utilized in “TOF-TOF”
instruments in which the fragment ions are re-acceler-
ated after fragmentation but before their entry into the
reflectron. These ions consequently penetrate substan-
tially into the reflectron and allow fragment ion spectra
to be acquired without stepping the reflectron voltage.
However, such instruments still require the use of an
ion gate and therefore still acquire MS/MS data in a
serial manner.
In the PSD experiment described above, the timed
ion gate is an important and necessary component
since, if no ion gate were present, fragment ions from all
of the precursor ions would be transmitted and re-
corded simultaneously. Hence, if the mass spectrum
contains more than one precursor ion, it would not be
known which fragment ion originated from which
precursor ion, and therefore it would not be possible to
assign a mass to each fragment ion. This inherent
requirement to use an ion gate consequently leads to
serial data acquisition and therefore a long acquisition
time and increased sample consumption. Furthermore,
it is not known which peptides are most likely to
fragment by PSD until after they have been analyzed.
Hence, a lot of time and sample can be consumed
attempting to acquire PSD fragment ion data from the
less productive peptide ions. In some cases, all of the
sample may be consumed before PSD ions of sufficient
abundance have been acquired.
Timed ion gates can have a number of problems
associated with them. They can perturb the ion motion
of the ions of interest, i.e., transmitted ions may be
axially and/or radially accelerated or decelerated by
stray electric fields from the ion gate. Fragments of
low-energy are particularly vulnerable to the stray
electric fields of the device. If the electronic pulse
required to gate the ions is too slow or overshoots and
oscillates, fragment ion mass resolution and transmis-
Figure 1. Schematic of a typical experimental setup for a PSD
experimentsion may be affected. The Bradbury Nielson type iongate [13], which is comprised of parallel wires with
voltages of alternating polarity applied to successive
wires, will reduce ion transmission even when the gate
is set to transmit ions because some ions will strike the
wires and become neutralized or scattered. Ions that are
deliberately deflected by the ion gate will strike other
parts of the mass spectrometer and care must be taken
to ensure that stray ions, or secondary ions, do not
arrive at the detector. Otherwise, weak fragment ions
from minor precursor ions in complex mixtures can be
obscured by the presence of stray ions caused by the
deflection of the more abundant precursor ions.
Here we describe a method of acquiring multiple
PSD spectra in parallel, avoiding the use of a timed ion
gate, therefore overcoming some of the problems and
limitations present in conventional methods.
Experimental
All experiments described were performed on aMALDI
micro MX mass spectrometer (Waters Corporation,
Manchester, UK). Protein digest standards and
-cyano-4-hydroxycinnamic acid (CHCA) matrix were
both obtained from Waters Corporation. The matrix
was used at a concentration of 10 mg/mL (unless
specified otherwise) dissolved in a solution containing
1:1 acetonitrile and ethanol. Standard peptides were
obtained from Sigma-Aldrich (Poole, UK). All peptides
and protein digests were premixed 1:1 with matrix with
1 L of sample/matrix solution deposited onto the
MALDI target plate. The samples were allowed to dry
under ambient conditions before being loaded into the
mass spectrometer.
Theory
Our new method requires that the time of flight of the
PSD fragment ions are measured twice at two relatively
close reflectron field settings. This small difference in
the reflectron field is defined as a “minor” step as
opposed to the “major” steps which are conventionally
used to successively bring lower mass PSD fragments
into focus. Whereas a major step might typically be a
25% reduction in the reflectron field, the minor step is
only a 4% reduction in the reflectron field. As a result of
having acquired major and minor spectra, two indepen-
dent sets of data exist for each major step. This provides
sufficient information to enable the calculation of the
precursor and fragment ion masses for each observed
fragment peak. This procedure is repeated for each PSD
segment or “major” step in the conventional way to
ensure good energy focusing over the entire fragment
ion mass range.
This new method may be better understood by first
considering the conventional PSD time of flight equa-
tion. The time of flight (TOF) is given by:
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Here, mp is the mass of the precursor ion, mf is the mass
of its associated PSD fragment ion and a and b are
instrumental coefficients dependent upon voltages and
dimensions of the system which may be determined via
calibration on a known compound. The first term of the
equation represents the time of flight in the ion source
and the field free region, whereas the second term
represents the time of flight in the reflectron of the mass
spectrometer. An important point to note is that coeffi-
cient b is inversely proportional to the reflectron volt-
age.
Since the mass (and TOF) of the precursor ion is a
known quantity in a conventional PSD experiment (as it
is defined by the ion gate timing), the mass of a PSD
fragment is easily derived from its time of flight using
eq 1. However, in an experiment with no precursor ion
selection, neither the mass of the fragment nor the mass
of the precursor is known and so eq 1 cannot be solved.
One solution to this problem is to measure the time
of flight twice for each fragment, i.e., to record two
spectra, but at slightly different reflectron voltages. This
then leads to the two following time of flight equations:
TOFmajormpa mfmp · bmajor, (2)
TOFminormpa mfmp · bminor. (3)
It can be readily seen that if the reflectron voltage is
changed in the described manner, the shift in the time of
flight TOF for a particular fragment is proportional to
the change b in coefficient b:
TOFbmfmp ·mp. (4)
Hence, the two simultaneous equations may be solved
for either of the two unknowns to give:
mpTOFa  b ·TOFa ·b 
2
, (5)
mf
TOF
b TOFa  b ·TOFa ·b . (6)
At best, these equations only provide an estimate of the
precursor and fragment masses (due to the poor mass
accuracy of the fragment masses) and would not be
sufficiently accurate for use in a database search. In-
stead, the estimated precursor mass is compared with a
previously acquired and calibrated precursor spectrum
to determine the accurate mass of the precursor. Inpractice, this involves matching the estimated precursor
mass to the most intense precursor within a certain
tolerance or search window. This matched accurate
value may then be used to calculate the mass of the
fragment with better accuracy. It is worth noting that
this calculation can be made twice, once from the major
data and once from the minor, allowing an improve-
ment in the accuracy of the overall measurement.
Figure 2 is an example of a typical major and minor
pair of spectra. The top spectrum in the figure is the
major spectrum, acquired at the same reflectron voltage
as in a conventional PSD experiment. The bottom
spectrum is the minor spectrum which was acquired
with a reflectron voltage 4% lower than that for the
major spectrum. The two spectra appear very similar,
and it is straightforward to match the fragment ions by
eye, allowing the shift in the time of flight for each of
the ions to be determined. The TOF for one particular
ion has been highlighted in the figure. The figure of a
4% reduction in reflectron voltage when stepping from
the major to minor spectrumwas found empirically and
is a compromise between maximizing the accuracy of
the estimated precursor estimate ion mass, with the
equally important consideration that the larger the shift
the smaller the region of overlap for the focused regions
of the major and minor spectra. For example, assuming
an inaccuracy of 100 ppm in the TOF of a minor PSD
fragment ion, with a 4% minor shift this translates to
1% error in the estimate of the precursor mass using
eq 5. Traditional timed ion gates will typically have a
resolution of 100–300 and so the accuracy of the mass
assignment, although not a direct like for like compar-
ison, is comparable. Experimental confirmation of this
accuracy is presented within the Results section of this
article.
Matching the fragment ions by visual inspection in
the manner illustrated in Figure 2 is a slow process, and
can be particularly confusing if fragments from several
precursor ions appear close together in time. Therefore,
Figure 2. Typical major/minor spectra. (Top) Major spectrum,
acquired at the same reflectron voltage as in a conventional PSD
experiment. (Bottom) Minor spectrum which was acquired with a
reflectron voltage 4% lower than that for the major spectrum.for this method to be practical, it has been necessary to
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ions in both major and minor spectra and then calculate
the precursor mass for each pair of matched peaks. As
described above, this has been achieved by utilizing
data from the conventional precursor mass spectrum,
i.e., a previously acquired PMF.
In the matching algorithm, a user defined number of
most intense precursor masses (candidate precursors)
from the conventional precursor mass spectrum are
used to calculate a fragment ion mass for each fragment
peak in both the major and minor mass spectra. There-
fore, for each fragment peak there will be as many
calculated candidate fragment ion masses as there are
candidate precursor ion masses. The lists of candidate
fragment ion masses from the major/minor spectra are
compared. A match is deemed to have been found
when the difference between two calculated fragment
ion masses fall within a user specified tolerance or
window. This window is normally set according to the
expected accuracy of mass measurement. When a match
is found, the fragment ion is assigned to the precursor
mass that produced the match.
A hypothetical, “perfect” example is demonstrated
in Tables 1a and b, which are tables of candidate
fragment ion masses calculated for five candidate pre-
cursor masses for a pair of major and minor spectra
respectively. For example, fragment A in the major data
matches fragment C= in the minor data; hence these two
fragments are considered to be the same and to have
originated from the precursor of mass 968.48 Da. Simi-
larly, fragment C could possibly be matched to either
fragment A= (precursor 2312.15 Da) or E= (precursor
1618.84). However, only E= matches within our speci-
Figure 3. Typical parallel PSD spectrum of the peptide ATDG-
GAHGVINVSVSEAAIEASTR from a tryptic digest of alcohol
Table 1. (a) and (b): Candidate fragment ion masses for major (
and (b) match they can be assigned to the relevant precursor
Fragment (major)
Parent Mass
(Da) A B C D E
968.48 766.88 852.45 942.22 1003.43 1254.3
1312.68 852.45 1111.24 1264.62 1398.54 1573.3
1618.84 942.22 1264.62 1405.51 1646.45 1896.4
2312.15 1003.43 1398.54 1646.45 2139.29 2246.5
2700.39 1254.32 1573.32 1896.43 2246.56 2541.9dehydrogenase (ADH)fied tolerance of 100 ppm and so E= is considered to be
the matching fragment, and they both originate from
the precursor of mass 1618.84 Da. In this manner, the
whole peak matching and precursor assignment pro-
cess is automated. The only input parameters that are
required are a mass tolerance for matching fragments
and precursors and the number of precursors to be
considered. The length of time it takes to match all of
the fragments to precursors is dependent upon the
number of segments of PSD data and the complexity of
the precursor/fragment spectra. Typically, the match-
ing process for the complete set of precursor and
fragment ions will take 10 s to compute on a 2 GHz
Pentium 4 or equivalent PC. The final deconvoluted
PSD spectra consist of centroid data rather than contin-
uum data.
Results
Figure 3 is a typical PSD spectrum obtained using this
parallel technique. Specifically it is a spectrum of the
peptide ATDGGAHGVINVSVSEAAIEASTR from 500
fmol of a tryptic digest of alcohol dehydrogenase
(ADH), which has a nominal mass [M  H] of 2312 Da.
Six segments of PSD data were acquired and then
stitched, in this instance giving focused coverage down
to 400 Da. As can be observed in the figure, the
majority of both the b and y ion series has been
Figure 4. Top: MS spectrum of two peptides, Angiotensin II ([M
 H]  1046.542 Da) and Bradykinin ([M  H]  1060.569 Da.
Bottom Left: Parallel PSD spectrum for angiotensin II. Bottom
peaks and minor (right) peaks. When fragment masses in (a)
arent Mass
(Da)
Fragment (minor)
A= B= C= D= E=
968.48 575.34 683.43 766.88 843.11 913.14
1312.68 1034.35 1111.24 1275.00 1370.32 1103.34
1618.84 1193.34 1293.32 1332.33 1397.24 1405.48
2312.15 1406.73 2139.29 2398.32 2497.22 2633.23
2700.39 2287.34 2324.13 2489.33 2541.94 2800.32left)
P
2
2
3
6Right: Parallel PSD spectrum for bradykinin.
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particular interest when considering the PSD spectrum
in Figure 3 is the low level of noise. This is an advantage
resulting from the peak matching process. Not only
does a noise peak, either chemical or electronic in
nature, have to appear in both major and minor spectra,
it also has to “shift” the correct amount to be matched to
a particular precursor ion. The resulting “filtered” spec-
trum will be advantageous when submitting PSD data
for database searching for example.
The ability of the peak matching process to differen-
tiate fragments from precursors of similar mass is a
prime consideration. To demonstrate the accuracy with
which this is possible, a parallel PSD experiment was
performed on a mixture of two standard peptides,
angiotensin II ([M  H]  1046.542 Da) and bradykinin
([MH] 1060.569 Da), with 250 fmol of each peptide
spotted on target. These two peptides are separated by
14 Da and an ion gate would typically require a
resolution of the order of 100 (FWHM) to be able to
isolate one precursor from the other. Figure 4 is a
precursor mass spectrum of the peptide mixture accom-
panied by the two deconvoluted parallel PSD spectra. It
can be seen that a significant number of the fragment
peaks have been correctly matched to their correspond-
Figure 5. Precursor ion (MS) spectrum of a mixture of two
standard protein digests, ADH and enolase.
Table 2. Summary of peptides simultaneously identified using
Protein
Protein
Score
Measured
mass (Da)
Residual
(Da)
ADH1 YEAST 93 968.51 0.02
1136.58 0.01
1312.67 0.01
1355.61 0.00
1447.76 0.04
1618.82 0.02
2019.02 0.05
2312.09 0.05
EN01 YEAST 91 807.45 0.02
1159.61 0.00
1286.71 0.00
1840.91 0.02
2328.00 0.05
2441.09 0.05
ADH2 YEAST 48 968.51 0.02
2019.02 0.05
2477.11 0.03ing precursor. Of all the peaks annotated, only one has
been incorrectly assigned (marked with a asterisk).
Although assigned to bradykinin, this peak is the “y*3”
peak from angiotensin II.
A second important consideration with this parallel
PSD technique is in regard to the complexity of sample
that the peak matching algorithm can handle, or stated
another way, how many simultaneous PSD spectra can
be acquired? To assess this, a parallel PSD experiment
was performed on a 1:1 mixture of two standard protein
digests, ADH and enolase with 100 fmol of each protein
spotted onto a single target spot. Figure 5 shows the MS
spectrum obtained for this mixture.
The 20 most intense peaks from the MS spectrum
were considered as candidate precursors and the data
processing algorithm calculated a list of fragment
masses associated for each precursor. The results were
searched against the Swiss-Prot protein database using
the Mascot search engine (Matrix Science, UK) inte-
grated into ProteinLynx Global Server (Waters Corpo-
ration, Manchester, UK) and led to the identification of
the two proteins (defined as an ion score of 31) in
addition to a third protein, ADH2, an isoform of ADH.
In total 15 peptides, 8 from ADH1, 6 from enolase, and
1 from ADH2, were identified based solely upon the
parallel PSD data. The Mascot identification of ADH2
contains only a single peptide, which is unique to
ADH2 (nominal mass 2477 Da). This has a very weak
ion score of 2, which isn’t sufficient to confidently
identify the protein. However, from data acquired pre-
viously, [both peptide mass fingerprint data and PSD
data obtained on the same prototype instrument], it is
known that the ADH sample does contain a mixture of
the two isoforms, ADH1 and ADH2. Table 2 summa-
rizes these results and the 15 identified peptides are
highlighted in Figure 5.
It is interesting to note that the peptides yielding
most fragment ions are not necessarily the most intense
lel PSD
Peptide
score Rank Peptide
27 1 EALDFFAR
19 1 GVIFYESHGK
1 4 SIGGEVFIDFTK
5 1 CCSDVFNQVVK
8 1 VVGLSTLPEIYEK
9 1 VLGIDGGEGKEELFR
19 1 LPLVGGHEGAGVVVGMGENVK
6 1 ATDGGAHGVINVSVSEAAIEASTR
14 1 TFAEALR
28 1 IGSEVYHNLK
17 1 NVNDVIAPAFVK
9 1 SIVPSGASTGVHEALEMR
4 1 IEEELGDNAVFAGENFHHGDK
19 1 IEEELGDNAVFAGENFHHGDKL
27 1 EALDFFAR
19 1 LPLVGGHEGAGVVVGMGENVKparal2 2 YSGVCHTDLHAWHGDWPLPTK
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previously been observed to be particularly stable [14],
yielded few PSD fragments and is a good example of
the benefits of the parallel approach. In a conventional
PSD experiment, time would likely have been spent
trying to obtain PSD spectra from the most intense
precursors identified in the precursor spectrum. As
such, the 1251 Da peak would have been the second
precursor to have been isolated using the ion gate to
acquire PSD data. Time and sample would therefore
have been consumed trying to obtain data from a
peptide that is not as amenable to fragmentation as
other peptides within the sample.
It is interesting to compare the amount of time and
sample required to acquire the data for this parallel PSD
experiment with that using the conventional serial
method. If PSD data had been acquired for the 15
peptides using a conventional PSD approach, it would
have required the acquisition of 15 PSD spectra with six
segments per spectrum; a total of 90 segments. Using
the parallel PSD approach described here, just six major
and six minor segments are required for a single spec-
trum; a total of 12 segments. Hence, the conventional
serial method would have required 7.5 times more
sample. This difference would be even greater if the
time acquiring PSD data from unproductive peptides is
taken into account. In many instances, it is unlikely that
it would have been possible to acquire useful PSD
spectra from 15 peptides from a single target spot using
the conventional serial approach.
One limiting factor with the majority of search en-
gines is that the precursor ion masses and the fragment
ion masses must both be entered as either monoisotopic
or average mass, as opposed to monoisotopic for the
precursors and average mass for the fragments. As the
same instrument parameters are used for all precursors,
it is difficult to find a single set-up that will allow
isotopes to be observed on all fragments from all
precursors. It has been found to be advantageous to
smooth the data so that all the fragments may be
considered as average masses. However, to obtain good
results from a database search, it is desirable to use the
accurate monoisotopic mass of the precursor. One so-
lution to this problem is to apply a gain and offset to the
average fragment ion masses to convert them to pseu-
do-monoisotopic masses. The gain and offset value
were obtained by plotting the monoisotopic mass
against the average mass of many common peptides
and fragments, then fitting a least-squares fit through
the data (Figure 6a). The RMS mass error introduced by
this approach is 0.03 Da (40 ppm), which is signifi-
cantly lower than the /0.5 Da search tolerance
commonly used with PSD data. A residual plot display-
ing the mass errors for the calibrant peptides is pre-
sented in Figure 6b.
In some cases, the result of the peak matching
computation may be ambiguous, that is, it may not be
clear which two fragment peaks are the same species.
There may, for example, be a second possible solutionfor one of the fragment peaks. This ambiguity may be
resolved by the acquisition of a third set of segments,
i.e., a second set of minor segments. This second set of
minor segments may be acquired by a further reduction
of 4% of the reflectron voltage at each segment of the
PSD experiment. This second set of minor segments
may also be used to confirm the peak matches derived
from the major and first minor set of segments.
Conclusions
We have developed a novel enhancement to MALDI-
PSD analysis which allows fragment ions from multiple
precursor ions to be recorded simultaneously. Initial
data suggest that the accuracy of precursor assignment
is comparable to the resolution of a traditional ion gate
and that up to 15 PSD spectra can be simultaneously
acquired. The parallel experiment is easy to set up and
perform and has the following advantages: (1) a reduc-
tion in the acquisition time and sample consumption in
comparison to traditional PSD which scales with the
number of precursor ions, (2) no decision has to be
made as to which precursor ions to investigate, all
precursor ions liable to fragmentation via PSD are
recorded avoiding wasting time and sample investigat-
ing more stable precursor ions, (3) no ion gate is
Figure 6. (a) Least-squares fit of monoisotopic mass plotted as a
function of average mass for a series of common peptides. (b)
Residual plot highlighting deviation of data presented in (a) from
line of best fit.required which allows a simpler mass spectrometer to
66 KENNY ET AL. J Am Soc Mass Spectrom 2006, 17, 60–66be constructed with increased transmission and easier
operation, and (4) reduced noise levels resulting from
the peak matching process.
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